Liu J, Wang P, Douglas SL, Tate JM, Sham S, Lloyd SG. Impact of high-fat, low-carbohydrate diet on myocardial substrate oxidation, insulin sensitivity, and cardiac function after ischemia-reperfusion. Am J Physiol Heart Circ Physiol 311: H1-H10, 2016. First published May 6, 2016; doi:10.1152/ajpheart.00809.2015.-High-fat, low-carbohydrate Diet (HFLCD) impairs the myocardial response to ischemia-reperfusion, but the underlying mechanisms remain elusive. We sought to determine the magnitude of diet-induced alterations in intrinsic properties of the myocardium (including insulin sensitivity and substrate oxidation) and circulating substrate and insulin differences resulting from diet, leading to this impaired response. Rats were fed HFLCD (60% kcal from fat/30% protein/10% carbohydrate) or control diet (CONT) (16%/19%/65%) for 2 wk. Isolated hearts underwent global low-flow ischemia followed by reperfusion (I/R). Carbon-13 NMR spectroscopy was used to determine myocardial substrate TCA cycle entry. Myocardial insulin sensitivity was assessed as dose-response of Akt phosphorylation. There was a significant effect of HFLCD and I/R with both these factors leading to an increase in free fatty acid (FFA) oxidation and a decrease in carbohydrate or ketone oxidation. Following I/R, HFLCD led to decreased ketone and increased FFA oxidation; the recovery of left ventricular (LV) function was decreased in HFLCD and was negatively correlated with FFA oxidation and positively associated with ketone oxidation. HFLCD also resulted in reduced insulin sensitivity. Under physiologic ranges, there were no direct effects of buffer insulin and ketone levels on oxidation of any substrate and recovery of cardiac function after I/R. An insulinketone interaction exists for myocardial substrate oxidation characteristics. We conclude that the impaired recovery of function after ischemia-reperfusion with HFLCD is largely due to intrinsic diet effects on myocardial properties, rather than to diet effect on circulating insulin or substrate levels. diet; myocardial ischemia-reperfusion injury; insulin; metabolism
HIGH-FAT, LOW-CARBOHYDRATE DIETS (HFLCD S ) are used by many people in an effort to lose weight. The effect of such diets on cardiovascular health has been the subject of intense investigation. Population studies evaluating the impact of HFLCD on cardiovascular clinical outcomes have provided a range of results, with some finding favorable changes in cardiovascular disease risk factors (9, 35, 37) , and others showing an increased risk of adverse outcomes in both animal (29) and human studies, including in the setting of myocardial infarction (23) . Consistent with this latter finding, we have previously demonstrated that HFLCD (when eaten prior to experimental infarction) induced lower recovery of cardiac function, larger infarct size, and increased risk of death by pump failure and ventricular arrhythmias following coronary ligation myocardial ischemia-reperfusion (25) . However, the mechanisms causing these impaired responses are not fully known. HFLCD resulted in a number of alterations in circulating factors and myocardial properties that may explain poorer outcomes, including lower serum insulin and myocardial glycogen, higher serum ketone, and higher myocardial mitochondrial oxidative stress (24, 45) . Therefore, whether the changes of serum insulin and ketone induced by HFLCD play a role, and the combined effects of intrinsic (diet itself) and extrinsic (buffer composition) factors on cardiac function and cardiac energy substrate metabolic responses that underlie ischemia-reperfusion (I/R) injury, need further study.
Cardiomyocytes are capable of oxidizing a variety of substrates to generate high-energy phosphates for cellular needs. Whereas myocardial glucose and free fatty acid (FFA) utilization have been extensively studied and play a role in modulating cardiac function in pathological states, the effect of ketones (the circulating levels of which are increased with HFLCD) on the heart and the importance of ketone body metabolism under both physiological and pathological conditions have not been carefully evaluated. A shift of cardiac energy substrate use from FFA toward carbohydrate (CHO) has been proposed to be beneficial for the ischemic heart, as it results in up to a 12% improvement in "efficiency" of ATP production (30) . Insulin at pharmacologically high doses promotes myocardial carbohydrate oxidation, suppresses relative FFA oxidation (26) , and improves functional recovery and cardiac efficiency after I/R (44) . Thus lower insulin induced by HFLCD could be detrimental by increasing the relative importance of FFA oxidation. These metabolic effects of HFLCD can be mediated through alterations in myocardial properties, as well as because of changes in circulating levels of ketones and insulin, neither of which have been systematically studied. To determine these mechanisms and explore their role in I/R injury, we focused on how HFLCD may alter myocardial oxidative substrate metabolism and recovery of function following I/R. Specifically, we investigated whether any metabolic changes associated with HFLCD were due to intrinsic modifications in the heart developed during feeding with this diet, or were due to altered substrate and hormonal milieu and insulin sensitivity at the time of I/R. Furthermore, we evaluated the relative effect magnitude of both myocardial alterations directly due to the HFLCD diet, as well as the effects of altered substrate presentation that occurs with these diets, on myocardial function and oxidative metabolism following ischemia-reperfusion.
MATERIALS AND METHODS

Animals and diets.
All animal experiments were approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham and followed the Guide for the Care and Use of Laboratory Animals (National Academy of Sciences, 1996) . Adult male Sprague-Dawley rats 300 Ϯ 10 g (Taconic Farms, Hudson, NY) were fed one of two diets, each of which was designed to be similar to ones used by humans for weight loss: HFLCD [60% calories from fat/30% from protein/10% from carbohydrate, a relatively high-protein content (30% of kcals), and very high amount of saturated (40%) and monounsaturated (40%) fat designed to be similar to the induction phase of the Atkins diet for humans (10) (TestDiet 5TSY, Richmond, IN)] or a low-fat control diet (CONT) (16/19/65%; TestDiet 5TJM). The detailed components of the diets, including proportions of saturated, mono-and polyunsaturated fats as well as n-3 and n-6 polyunsaturated fatty acids have been described previously (24, 25) . Animals were fed the diets for 14 days prior to performing perfusion experiments. The rats were housed at 22°C on a 12-h light-dark cycle. Animals were allowed ad libitum access to food and water.
Isolated heart perfusions. Isolated hearts (CONT, n ϭ 38; HFLCD, n ϭ 37) were perfused in Langendorff mode with a modified KrebsHenseleit buffer as described previously (45) (in mM): NaCl 118, KCl 4.8, MgSO 4 1.2, CaCl2 1.4, KH2PO4 1.2, Na2HCO3 25, pyruvate 0.1, palmitate 0.3, glucose 5.0, lactate 1.0, glutamine 0.5, and 3% bovine serum albumin with low insulin (LI, 15 U/ml), high insulin (HI, 30 U/ml), and ketone (low ketone or LK, 0.6 and high ketone or HK, 1.2 mM), see Table 1 for these designations of perfusion buffers. In vivo, acetoacetate and 3-hydroxybutyrate (3-HB) are the main circulating ketone bodies, typically at a ratio of 1:1 (21) . Since the 3-HB concentration and the acetoacetate concentrations are equivalent, we chose to formulate the perfused ketone concentration as twice the measured 3-HB concentration to simulate physiologic conditions and simplify carbon-13 labeling (see below). In our prior work, we found differences only in circulating ketone body and insulin concentrations in serum from animals fed the HFLCD and CONT diets, with no differences in glucose or FFA (45) . To enable a comprehensive analysis of the effect of both insulin and ketone in the buffer, including an examination of possible interactions between these two factors, a total of four different buffer compositions were used, independently varying the insulin and ketone composition. We labeled these four combinations as HI-HK, HI-LK, LI-LK, and LI-HK. These four perfusion buffers were supplied to hearts from rats fed HFLCD and CONT diet during the perfusion protocols with normal coronary flow and low-flow ischemia (LFI) (0.3 ml/min) for 60 min followed by 60 min of reperfusion, with details as described previously (45) . Heart rate (HR), systolic pressure (SP), left ventricular end diastolic pressure (LVEDP), and peak positive and negative rates of change of pressure (ϩdP/dt and ϪdP/dt) were used as indices of ventricular function (DASYLab, Measurement Computing, Norton, MA). From these values, the rate-pressure product [RPP ϭ (SP Ϫ LVEDP) ϫ HR] was computed as the index of cardiac power. Recovery during the last 20 min of reperfusion was expressed as % of baseline values.
NMR spectroscopy. After 30-min equilibration the unlabeled glucose, lactate, palmitate, and ketone in the buffer was switched to 13 C]3-HB) at the same concentrations as the unlabeled compounds, as described in more detail below. After 30 min of perfusion with labeled substrates, whole hearts were freeze clamped, the frozen hearts pulverized, and the heart tissue was homogenized and extracted with ice-cold 6% perchloric acid. The extract was freeze-dried and redissolved in a potassium phosphate buffer (pH 7.5, 50 mM) with 2 H2O solvent (99.9%; Cambridge Isotope Laboratories, Andover, MA).
Proton-decoupled, NOE-enhanced 13 C NMR spectra were collected on a Bruker AVANCE 500 NMR spectrometer operating at 11.85 T using a TBI heteronuclear broadband probe. Spectra were collected at 300 K with spectral width 25 kHz and 32k data points. Spectra were collected with summation of scans until adequate signal/ noise ratio was achieved (typically 4k-64k scans). Spectra were analyzed with Nuts software (AcornNMR, Livermore, CA). 13 C time domain data were processed with 1 to 2 Hz line broadening, zerofilled, Fourier transformed, and referenced to the methyl carbon peak of lactate (at 21.1 ppm). The glutamate 13 C NMR multiplet relative areas at carbons 1 through 5, and the integrated areas of the C3 and C4 resonances (corrected for relaxation effects) were measured as described previously (26, 27) .
13 C-glutamate isotopomer analysis. 13 C]acetyl-CoA. Thus the majority of the palmitate-derived TCA cycle entry is unlabeled, with a smaller fraction also appearing as [1- 13 C]acetyl-CoA. Unlabeled acetyl-CoA could also result from the metabolism of endogenous triglycerides or glycogen; however, earlier studies have shown that under similar conditions, the contribution of endogenous triglyceride (6) and glycogen (27) Isolated heart insulin sensitivity measurements. Hearts isolated from CONT or HFLCD groups were perfused with the four perfusion buffers (HI-HK, HI-LK, LI-LK, and LI-HK) during baseline perfusion and LFI (0.3 ml/min; 60 min duration), followed by 60 min of reperfusion. Frozen whole hearts were powdered, and protein from 50-g samples was extracted for Western blot. To assess insulin sensitivity, another group of hearts were perfused with four insulin doses: a very low dose (5 U/ml), a physiologic range dose (15 U/ml), an intermediate dose (100 U/ml), and a pharmacologic high dose for maximal stimulation (2,000 U/ml); N ϭ 5 for each insulin dose and dietary group. After 60-min perfusion, all hearts were quickly frozen, protein from 50-g samples of whole heart tissue was extracted and Western blots were conducted with commercial antibodies: anti-Akt and anti-phospho-Ser473-Akt (1:2,000 dilution; Abcam, Cambridge, MA). The band intensities were analyzed by ImageJ to quantify Akt and phospho-Akt (p-Akt). The intensity of phospho-Akt was divided by the intensity of total Akt.
Statistical analyses. Data for comparison of continuous variables between the two groups were analyzed by general linear model multivariate test and linear regression tests (IBM SPSS Statistics, GraphPad Prism). Values were expressed as means Ϯ SE. Differences between groups were regarded as significant at the P Ͻ 0.05 probability level by the appropriate statistical test. When general linear model results were used, differences between groups were considered significant if there was no overlap in the 95% confidence limits for the values. Figure 2 shows the effect of buffer compositions and diet on recovery of function following ischemia-reperfusion (I/R). Overall, there is seen to be a lower recovery of function in HFLCD compared with CONT. Table  2 reveals the results of a general linear model analysis of the recovery data following I/R. As seen in Table 2 , there was no effect of perfusion buffer ketone or insulin concentration on the recovery of cardiac function following I/R. However, there was an overall effect of diet which played the major role in determining the recovery of cardiac function following I/R (Table 2) . HFLCD reduced recovery of systolic and diastolic function, with the final RPP decreased by 43% and ϮdP/dt decreased by 36 to 38%, compared with CONT diet at the end of 60-min reperfusion. There were no two-way or three-way interactions among the experimental variables of diet, insulin, ketone ( Table 2) .
RESULTS
Impact of perfusion buffer composition (insulin and ketone level) and effect of HFLCD on ventricular function following myocardial ischemia-reperfusion.
Effect of diet, perfused ketone, and insulin on the fraction of total acetyl-CoA entering the TCA cycle following I/R. Representative carbon-13 NMR spectra from both diet groups and under both normoxia and I/R conditions are shown in Fig. 3 . Using a systematic analysis of all conditions, we found that there was a significant effect of HFLCD (compared with CONT diet) and I/R (compared with normoxia), with both these factors tending to lead to an increase in FFA oxidation and a decrease in CHO oxidation or ketone oxidation (Tables  3 and 4) .
When the I/R perfusion condition was considered separately, we again observed an effect of diet on substrate oxidation, with HFLCD leading to an average 11% increase in FFA oxidation, with a corresponding decrease in ketone oxidation and no effect on CHO oxidation (Table 3 ). There were no direct effects of buffer insulin and ketone levels on oxidation of any substrate. However, a significant insulin-ketone interaction exists on oxidation of FFA and ketone. The effect of this interaction may be seen in the complete substrate oxidation data, which is listed in Table 4 . Under I/R conditions in the HFLCD group, increasing insulin has variable effect on FFA and ketone oxidation, depending on the ketone level: with high Fig. 1 . Schematic of labeling from substrates into TCA cycle as used in these experiments and resultant glutamate C-4 spectral isotopomers. Black filled circles represent carbon-13 labeling (98 to 99% enrichment), open circles natural abundance (i.e., 99% carbon-12) labeling, and gray circles may be either carbon-12 or carbon-13 as they do not contribute to the glutamate C-4 spectrum. In the 13 C NMR spectrum on the right, K represents isotopomer peaks derived from ketone (3-HB); C represents those derived from carbohydrate (glucose, lactate, and pyruvate). Note that ␤-oxidation of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]palmitate results in seven unlabeled acetyl-CoA fragments and one [1- ketone buffer, high insulin led to decreased FFA oxidation and upregulated ketone oxidation (P Ͻ 0.05 for high insulin compared with low insulin with the same ketone level, perfusion condition, and diet); this effect was not seen with low ketone buffer. At the low level insulin buffer, high ketone upregulated FFA oxidation and decreased ketone oxidation (P Ͻ 0.05 in the HFLCD group for high ketone compared with low ketone with the same insulin level, perfusion condition). Surprisingly, there was no overall direct effect of insulin or ketone on CHO oxidation (Table 4 ). The significance of these interactions is unclear.
Relationship between TCA cycle substrate entry and cardiac function. We focused on RPP as the index of cardiac function for this analysis. Because the range of RPP was very different with I/R compared with normoxia flow conditions, we considered these two perfusion conditions separately. With normoxia perfusion conditions, there was no significant relationship between FFA or ketone oxidation and RPP. There was no relationship between CHO oxidation and RPP with either normoxic or I/R conditions. However, under I/R conditions, RPP was negatively correlated with FFA oxidation and positively correlated with ketone oxidation (P Ͻ 0.01; Fig. 4, left) . Additionally, the HFLCD animals had lower recovery of function across the full range of substrate oxidation proportions compared with CONT diet (Fig. 4, right) .
Effect of diet and ischemia-reperfusion on the insulin signaling in rat myocardium. The ratio of phospho-Akt to total
Akt was similar between HFLCD and CONT hearts under normoxia. However, under I/R conditions, HFLCD-fed rats generally exhibited a decrease in p-Akt/total Akt across the range of combinations of buffer insulin and ketone, indicating a reduced insulin signaling effect in HFLCD (Fig. 5) .
Insulin sensitivity. To investigate the impact of HFLCD on intrinsic insulin sensitivity, we assessed the dose-response effect of insulin on Akt phosphorylation. As shown in Fig. 6 , Western blot revealed a diet-dependent progression of insulin effect on Akt phosphorylation over the range of insulin concentration from a physiologically low level (5 U/ml), normal to intermediately high ranges at 15 and 100 U/ml, to a pharmacologicaly high level (2,000 U/ml). With HFLCD, relative Akt phosphorylation tended to be higher at lower insulin doses, but exhibited a blunted response to increasing insulin levels compared with CONT diet (which demonstrated Fig. 2 . HFLCD increases susceptibility to myocardial ischemic injury. A: % recovery of baseline RPP. B and C: % recovery of baseline Ϯ dP/dt at the end of 60-min LFI and 60-min reperfusion. Data shown for each buffer perfusion combination. Means Ϯ SE, n ϭ 4 to 6 each group, *P Ͻ 0.05 vs. CONT. Magnitude expressed as the difference in means of final functional parameter between aggregate groups stratified by diet, buffer insulin, and buffer ketone. For diet, (Ϫ) means that HFLCD has a lower value than CONT diet; for insulin, (ϩ) means that the higher insulin level results in a greater value; for ketone, (-) means that the higher ketone level results in a lower value. *P Ͻ 0.05 for HFLCD compared with CONT diet with same perfusion buffer and perfusion condition.
Table 2. General linear model determination of magnitude of effects of diet, buffer insulin, buffer ketone, and all possible interactions among these factors on the left ventricular function following ischemia-reperfusion
the predicted dose-dependent relative increase in p-Akt with increasing insulin dose; Fig. 6 ).
DISCUSSION
Cardiomyocytes demonstrate considerable metabolic flexibility during dynamic alterations of nutrient state and hemodynamic stress, and this is an important adaptive property (41) . Under conditions of dietary variations in carbohydrate and fat, myocardial fuel sources may shift among the possible substrates of glucose, fatty acids, and ketones. It is well known that myocardial tissue is able to extensively metabolize ketones as an energy substrate (17, 46) . Oxidation of ketone bodies may be intrinsically more efficient than oxidation of FFA (43), possibly affecting the response to stress including I/R; indeed, we found that under I/R, recovery of LV function was positively associated with ketone oxidation. Furthermore, ketone oxidation was lower in HFLCD than in CONT diet, potentially resulting in decreased energy efficiency and contributing to the worsened post-I/R recovery seen with this diet. Consistent with this concept, deficient myocardial ketone metabolism has been shown to promote accelerated pathological remodeling and impaired cardiac function in response to pressure overload in an animal model (36) , and cardioprotective effects have been observed following ischemia-reperfusion in starvation-induced ketosis (39, 49) . We found that neither insulin nor buffer ketone composition affected the recovery of left ventricular function after I/R; only the diet itself, and any alterations of myocardial properties due to the diet eaten prior to isolated Magnitude expressed as the difference in means of TCA cycle substrate entry between aggregate groups stratified by diet, buffer insulin, and buffer ketone. With all data considered as a whole, there was no significant interaction of the experimental variables. For diet, a positive sign means that HFLCD has a greater value than CONT diet; for insulin and ketone, a positive sign means that the higher insulin or ketone level results in a greater value; and for perfusion, positive sign means I/R is greater than normoxia. *P Ͻ 0.05 for HFLCD compared with CONT diet with same perfusion buffer and perfusion condition.
heart perfusion, played a major role in recovery of function. Interestingly, myocardial ketone oxidation did not seem to be associated with the level of buffer ketone concentration used to perfuse the heart, at least under the physiologic ranges studied.
Examination of the entire data group revealed that both HFLCD and I/R increased FFA oxidation and decreased CHO or ketone oxidation. Other groups have reported that stimulation of glucose oxidation protects against acute myocardial 
Means Ϯ SE, n ϭ 4 to 6 each group. Values are expressed as % of total TCA cycle entry from the acetyl-CoA pool, derived from each substrate and rounded to the nearest percent. *P Ͻ 0.05 for HFLCD compared with CONT diet with same perfusion buffer and perfusion condition. #P Ͻ 0.05 for I/R compared with normoxia with same perfusion buffer and diet condition. †P Ͻ 0.05 for high-insulin compared with low-insulin with the same ketone level, perfusion condition, and diet. ‡P Ͻ 0.05 for high-ketone compared with low-ketone with the same insulin level, perfusion condition, and diet. infarction and reperfusion injury (42) , and an increased FFA oxidation has been associated with reduced myocardial tolerance to ischemia-reperfusion (13); therefore, any increase in FFA and decrease in CHO or ketone oxidation induced by HFLCD might lead to worsened cardiac function during I/R. This has led to the concept that repressing myocardial FFA oxidation may be a therapeutic target to improve cardiac efficiency in the ischemic heart (40) . Furthermore, nutrient excess from high-fat diet may result in the accumulation of toxic intermediates of fatty acid metabolism from incomplete mitochondrial fatty acid oxidation (1), and contribute to insulin resistance, oxidative stress, and uncoupling of oxidative metabolism from electron transfer (15, 20, 28, 38) . Indeed, we found the relative degree of FFA oxidation was negatively correlated to recovery of function after I/R. While our results indicate that feeding with HFLCD prior to I/R is detrimental, in other settings a high-fat diet may be beneficial. Rennison et al. (32) found that high-fat feeding following coronary artery ligation improved mitochondrial and contractile function in chronic heart failure. They also reported that a high-fat diet did not lead to worsened left ventricular dysfunction when eaten after an experimental myocardial infarction; although, in those same series of experiments, administration of high-fat diet for 2 wk before coronary artery ligation resulted in an increased surgical mortality rate (33) . Therefore, it seems that eating high-fat diets before a myocardial infarction may be harmful, while eating this diet after an infarction is possibly beneficial.
The specific fatty acid composition may be important in determining the effect on the myocardium. Some studies have shown that high dietary polyunsaturated fatty acids confer cardioprotection and improve cardiac performance through anti-inflammatory and antioxidative effects (11, 47) and by restoring mitochondrial respiratory activities and attenuating lipid peroxidation (11) during or after I/R injury. However, very high saturated and monounsaturated fatty acid-containing diets (as in the HFLCD used by us, with 40% saturated and 40% monounsaturated, reflective of diets commonly eaten by humans) may be harmful because of increased oxidative stress (24) .
Studies which directly examined the impact of high-fat, high-protein, low-carbohydrate diets on insulin sensitivity have reported conflicting findings, with some showing that such diets lead to glucose intolerance and insulin resistance (2) (3) (4) 19) , and others reporting it prevents insulin resistance (22) , or causes no change in insulin resistance (5, 8) . While we found a steady progression of insulin-dependent Akt phosphorylation (taken as a measure of insulin effect) in hearts of animals fed CONT diet, there was an unusual response to insulin in the HFLCD-fed heart, with an initially high baseline amount of p-Akt at very low insulin levels and a blunted response as the dose was increased. Similar findings by Ouwens et al. (31) showed insulin resistance in high-fat-diet-fed hearts was reflected by impaired activation of the insulin receptor and IRS1-PI3K-PKB/Akt-mediated signaling. While insulin is an important regulator of Akt phosphorylation, other factors, both Fig. 5 . Insulin signaling in rat myocardium under normoxic and I/R conditions. Heart tissue samples from CONT and HFLCD perfused with different buffers were subjected to the Western blot analysis detecting p-Ser473-Akt and total Akt. Data shown as the ratio of p-Akt/total Akt, normalized to make the CONT group ϭ 100% under normoxic and I/R conditions; *P Ͻ 0.05, n ϭ 4 -6 per group.
positive (e.g., mTORC2 and PI3K) and negative regulators (e.g., phosphatases PTEN, PP2A, and PHLPP), are known to affect it as well, and may alter the dynamic range or capacity to activate Akt to the phosphorylated form (16) . Alterations in these other regulatory control pathways may be at play to explain the fact that basal (very low insulin) phospho-Akt is higher in HFLCD, though we have not explored this interesting phenomenon further. The impairment of insulin-stimulated Akt signaling in HFLCD with high insulin dose might be associated with fat-induced insulin resistance, which is believed to be fundamental in the development of human Type 2 diabetes.
Insulin may be an important link between myocardial metabolism, function, and response to ischemic injury (14, 18) . Insulin reduces ischemia-induced cardiomyocyte necrosis through an Akt/NF-B-dependent mechanism (7). This protective effect might depend on both the circulating insulin level as well as the specific insulin sensitivity. We showed in this work that HFLCD-fed hearts had lower phosphorylation of Akt after I/R across a physiologic spectrum of perfusion buffer composition (Fig. 5) , indicating that the intrinsic myocardial sensitivity to insulin is lower with this diet under these perfusion conditions. This effect is not entirely due to the effect on glucose oxidation, since it is independent of its effect on glucose uptake in the postischemic isolated working rat heart (48). The observed decrease in Akt phosphorylation in HFLCD under I/R, with no change in CHO oxidation compared with CONT diet, is consistent with our previous work finding that HFLCD did not alter expression of glucose uptake (GLUT4) and glucose oxidation genes under I/R (25) . Thus the cardioprotective effects of insulin, and its impact on glucose uptake, appear to be at least partly uncoupled.
We note several limitations of the current study. First, the HFLCD and CONT diets we used have different amounts of protein, limiting the ability to determine just how much of the effect was due to fat or carbohydrate alone. However, our intent was not to examine the fat/carbohydrate effect in isolation, but rather to determine the overall effect of a diet similar to the type often used by humans. To further address the separate impact of protein, fat, and carbohydrate in the diets, we plan future experiments with an array of diets controlling for each of these macronutrients. Secondly, although the concentration of FFA we employed is more reflective of physiologic resting levels in humans in the nonischemic, postprandial state, it may be somewhat low compared with levels observed during myocardial ischemic events, at which times the FFA levels may rise to 1 mM or more (34) . To truly mimic a physiologic model of I/R, a model could have been employed in which the hearts began by being perfused with the lower level of FFA then switched to higher levels during I/R. To simplify the experimental methods, we did not switch buffers midexperiment in this way. It is unclear whether a higher FFA level during I/R would have affected our comparison of diet, ketone, or insulin effect, but further systematic investigation of this is warranted in future work. We also recognize that the Western blot protein analysis conducted of whole heart samples represent a mixture of both ischemic and infarcted zones, as well as the remote zones which may be less affected by I/R. The global ischemic model utilized here does not lend itself well to separation of these different tissue zones; a regional infarction model, such as with coronary artery ligation, might be helpful to elucidate differences between the zones.
In conclusion, we found that the diets used in our studies, but not insulin or ketone concentration in the perfusion mixtures in our isolated heart experiments, had a large effect on myocardial substrate oxidation and recovery of postischemic function (with poorer recovery of function in animals eating HFLCD). Under I/R conditions, recovery of cardiac function was negatively correlated with FFA oxidation and positively correlated with ketone oxidation. We also demonstrated that HFLCD alters myocardial insulin sensitivity. The derangements in insulin sensitivity and the metabolic substrate oxidation shifts seen with HFLCD are in a direction that may contribute to reduced recovery of systolic function with reperfused myocardial ischemia/infarction.
